Background: Phlebotomine sand flies are the vectors of Leishmania worldwide. To develop in 23 the sand fly midgut, Leishmania multiplies and undergoes multiple stage differentiations leading 24 to the infective form, the metacyclic promastigotes. To gain a better understanding of the 25 influence of Leishmania infection in midgut gene expression, we performed RNA-Seq 26 comparing uninfected Lutzomyia longipalpis midguts and Leishmania infantum-infected 27
Leishmania fully develops in the lumen of the sand fly midgut [2] [3] [4] . Once a sand fly 55 takes up an infected blood meal, Leishmania is carried along within macrophages in the round-56 shaped amastigote form (mammalian stage). Between 18h and 24h post blood meal, these 57 parasites are released from the macrophages and start to differentiate into procyclic 58 promastigotes within blood enveloped by the peritrophic matrix [5] . During this process, the 59 parasites elongate their cell bodies and expose their flagella, becoming fully differentiated into 60 procyclics by day 2 (48h). Between days 2 and 4, Leishmania multiplies and undergoes another 61 differentiation step, acquiring an elongated (banana-like shape) form termed nectomonads [2] [3] [4] . 62
Upon the breakdown of the peritrophic matrix, the nectomonads escape to the ectoperitrophic 63 space and eventually dock on the midgut microvilli [6, 7] . As the remains of the digested blood 64 are evacuated, the parasites detach from the epithelium and further differentiate into the 65 encoding digestive enzymes and components of the peritrophic matrix, the main midgut barriers 88
to Leishmania development, were differentially regulated [18] [19] [20] . 89
In order to investigate the effects of Leishmania infection on sand fly midgut gene 90 expression, we carried out an RNA-Seq analysis of Leishmania infantum-infected Lutzomyia 91 longipalpis midguts at 7 timepoints, each corresponding to when the insect midguts are enriched 92 with a particular Leishmania stage. These encompassed early time points when blood digestion is 93 taking place as well as late time points when the parasites are undergoing metacyclogenesis. This 94 approach expands our breadth of knowledge by assessing the effects of Leishmania infection on 95 over 13,000 sand fly midgut transcripts, focusing on genes encoding secreted proteins and also 96 on genes participating in biological processes. 97 98
Results

99
Sand fly infection and Leishmania differentiation 100
In order to assess how gene expression in sand fly midguts is affected by Leishmania 101 growth and differentiation, Le. infantum infected-Lutzomyia longipalpis midguts (1d through 14d 102 Pi) were dissected for RNA-Seq library construction in triplicate and compared to midguts fed on 103 uninfected blood at the same time points (1d through 14d PBM). All the libraries gave rise to 104 high quality data and robust expression levels, except one replicate of the 2d PBM and another of 105 the 12d PBM time points, which were excluded from further analyses. For infected midguts, Le. 106 infantum growth in the Lu. longipalpis sand fly midgut followed a typical and expected pattern 107 whereby low levels of parasites were detected early at 4d (median = 3,000 parasites) and 6d 108 (median = 6,000 parasites). From 6d to 14d, the parasite load increased 21-fold, reaching about 109 126,000 parasites at 14d. During the late time points, parasites underwent differentiation through. 110 metacyclogenesis, increasing the proportion of metacyclic stage parasites from 0% on 6d to 92% 111 on 14d [21] . 112 113 Expanding the Lu. longipalpis midgut repertoire of putative proteins 114 A Lu. longipalpis midgut-specific de novo assembly was made from libraries prepared 115 from RNA extracted from uninfected midguts at each of the seven study timepoints (total of 116 53,683,499 high quality reads). High quality reads were assembled in 57,016 contigs that were 117 further down-selected to 13,841 putative contigs based on the presence of an ORF and 118 similarities to proteins deposited at Refseq invertebrate, NCBI Genbank or SwissProt. Putative 119 proteins where a signal peptide was predicted were also considered. Selected contigs varied in 120 size with the shortest at 150 bp, the longest at 27,627 bp and the mean size at 1,498bp. Overall, 121 72% could be categorized to a functional class after BLAST analysis (e<10E-6) to nine distinct 122 databases (Additional file 1: Fig. S1 and Additional file 2: Table S1 ). Figure 1 shows an 123 overview of the transcriptome repertoire displaying the overall percentage of contigs (% of 124 contigs) or abundance as transcripts per million (%TPM) for all time points and conditions 125 combined, highlighting the distribution of the mapped reads to the functional classification. 126
Unknown contigs accounted for 28% of the contigs, but only for 6.56 % of transcriptome 127 abundance. The most represented functional categories were secreted proteins with 25.9 % of 128 TPM, protein synthesis (15.2 % of TMP), metabolism (14.3 % of TMP) and protein modification 129 (11.8 % of TMP) ( Fig. 1 and Additional file 3: Table S2 and Additional file 4: Fig. S2 ). This 130 dataset was used to map the individual samples and determine the sand fly midgut differential 131 expression caused by Leishmania infection (Additional file 3: Table S2 .) 132 
Sand fly midgut gene expression 134
The overall expression profiles of the infected and uninfected midguts obtained at seven 135 time points each representing infected midguts enriched with a different Leishmania stage is 136 summarized by PCA analyses of the average expression for each time point (Fig 2A and  137 Additional file 5: Table S3 ) as well as amongst replicates (Additional file 6: Fig. S3 and 138 Additional file 5: Table S3 ). The PC1 axis showed a clear separation between the midguts in 139 which blood digestion is ongoing ( Fig. 2A left side, 1d PBM/Pi and 2d PBM/Pi) from the time 140 points at which the blood was mostly digested ( Fig. 2A right side, 4d PBM/Pi) and the remaining 141 time points where the midguts were clear of blood ( Fig. 2A right side, 6d to 14 PBM/Pi). The 142 PC1 accounted for 77.2% of the variance (Additional file 5: Table S3 ). On the other hand, the 143 PC3 (rather than PC2; Additional file 6: Fig. S3B ) sorted for the most part the infected from the 144 uninfected samples ( Fig. 2A ) and only accounted for 4.1% of the variance (Additional file 5: 145 Table S3 ). 146
The expression profiles of midguts were validated by assessing the expression levels of 147 selected midgut genes (n = 28-35; Additional file 7: Table S4 ) using the nCounter technology 148 (NanoString). The mean log2 fold change (LFC) of infected over uninfected samples was 149 compared at each time point with LFC data obtained with the RNA-Seq technique for the same 150 genes. Representative genes participate in chitin metabolism/ peritrophic matrix scaffolding 151 (peritrophins and chitinases), immunity (defensin, catalase, and spatzle), digestion (amylase and 152 chymotrypsin) among others are depicted in Fig. 2B -H. The regression analyses between the 153 expression levels obtained with nCounter and RNA-Seq were statistically significant (p < 154 0.0001) for all seven time points ( Fig. 2B-H) , and the regression coefficients were greater than 155 0.5 for all time points, except 6d (R 2 = 0.40) and 12d (R 2 = 0.47) as shown in Fig. 2B 
Fig. 2
Modulation of sand fly midgut gene expression by Leishmania infection 158
Differences in gene expression between Leishmania-infected over uninfected midguts at 159 the seven time points were assessed. Overall, such differences accounted for only 113 160 differentially expressed transcripts (1 < LFC > 1; q-value < 0.05; Additional file 8: Table S5 ). 161
The number of DE genes gradually increased from 2 genes on 1d to 53 genes on 4d (Fig. 3A) . 162
On 6d, the number of DE genes decreased to 20 genes and went further down to 15 genes on 8d 163 ( Fig. 3A) . Four days later, there was a strong increase in the number of DE genes (12d = 32 164 genes), which was reduced to 13 genes two days later at 14d (Fig. 3A) . 
169
Amongst the midgut genes differentially expressed upon Leishmania infection, some 170 appear to play a role in specific biological processes (Table 1 ; Additional File 8: Table S5 ). A 171 gene encoding the transcription factor Forkhead/HNF-3 (lulogut44569) was down-regulated on 172 2d. Genes encoding proteins potentially involved with metabolism of steroid hormones, such as 173 17-beta-hydroxysteroid dehydrogenase 13-like (lulogut32574) and juvenile hormone esterase 174 (lulogut40195) were down-regulated on 2d; a putative juvenile hormone binding protein 175 (lulogutSigP-24104) was down-regulated on 4d; and an ecdysteroid kinase (lulogut41307) was 176 down-regulated on 12d. Also, genes encoding a peritrophic matrix protein (lulogutSigP-40401), 177 involved with the peritrophic matrix scaffolding, the antimicrobial peptide attacin (lulogutSigP-178 8812), and amino acid (lulogut16004) and trehalose (lulogutSigP-40100) transporters, were 179 down-regulated on 4d. Amongst the up-regulated genes, multiple peptidases and proteases were 180 up-regulated on 4d and 6d. Likewise, multiple insect allergen proteins (microvilli proteins) of 181 unknown function were up-regulated on 4d and 6d upon Leishmania infection. From 8d 182 onwards, multiple cytochrome p450 transcripts were up-regulated. 183
The presence of Leishmania in the midgut led to more genes being down-regulated at d2 184 and up-regulated at later time points, except on 12d ( Fig. 3B and Additional File 8: Table S5 and 185 Additional File 9: Fig. S4 ). On 1d, 2d, and 4d, early time points, 1, 11, and 30 genes were down-186 regulated ( Fig. 3B and Table 2 and Additional File 8: Table S5 and Additional File 9: Fig. S4 ) 187 whereas 1, 3, and 23 genes were up-regulated ( Fig. 3B and Table 3 and Additional File 8: Table  188 S5 and Additional File 9: Fig. S4 ), respectively. On 6d and 8d, on the other hand, 20 and 15 189 genes were up-regulated, yet none were down-regulated ( Fig. 3B and Additional File 9: Fig. S4 ). 190
Infected midguts on day 12 displayed 13 up-regulated genes compared to 18 down-regulated 191 ones ( Fig. 3B and Additional File 9: Fig. S4 ). The 14d time point exhibited more up-regulated 192 (12 genes) than down-regulated (1 gene) genes in infected over uninfected midguts (Fig. 3B and 193 Additional File 9: Fig. S4 ). 194
Venn diagrams show that most of genes were differentially expressed at specific time 195 points ( Fig. 3C and Additional File 10: Table S6 ). In the comparisons between early time points 196 The expression patterns of all DE genes across time points were assessed through PCA 206 analysis ( Fig. 3D and Additional file 11: Table S7 ). The 113 DE genes were mapped onto a two-207 dimensional space (expression space), whereby DE genes located close together displayed 208 similar expression profiles through time than those that mapped farther away ( Fig 3D) . In fact, 209 the DE genes located in the first quadrant of the expression space exhibited about 25-fold greater 210 overall expression levels than those that mapped onto the second and third quadrants ( Fig. 3E ; 211
Mann Whitney U test, p < 0.0001). Likewise, the DE genes located on the fourth quadrant of the 212 expression space exhibited about 177-fold higher overall expression levels than those that 213 mapped onto the second and third quadrants ( Fig. 3E ; Mann Whitney U test, p < 0.0001). The up-regulated (Fig. 4A-H and Table 2 and Additional file 13: Table S8 ) and down-230 regulated (Fig. 5A-F and Table 3 and Additional file 14: Table S9) DE genes at each time point  231 were plotted onto the transcriptional space in order to assess whether or not the expression of the 232 genes modulated by Leishmania across time points followed a specific or a random expression 233 pattern by mapping onto specific quadrants or randomly. All the 113 DE genes were distributed 234 throughout the four quadrants in different proportions: 20%, 37%, 22%, and 21% of the DE 235 genes mapped onto the first through fourth quadrants, respectively ( Fig. 4A and Table 2 ). The 236 up-regulated genes on 1d and 2d were mostly located in the second and third quadrants, which 237 housed genes transcribed at low abundance (Fig. 4B-C and Table 2 ). However, the reduced gene 238 counts at 1d and 2d precludes statistical comparisons. On the other hand, the DE genes at 4d 239 through 8d followed specific expression patterns (Chi-square test, p < 0.01; Fig Table 2 ). Although not statistically significant, mapping at 12d and 243 14d followed a similar pattern where 85% (12d; Fig. 4G and Table 2 ) and 58% (14d; Fig. 4H and 244 Table 2 ) of the genes mapped onto either the first or fourth quadrant. However, the proportion of 245 up-regulated genes that mapped on such quadrants gradually changed through time, with more 246 genes mapping onto the fourth quadrant at earlier time points to more genes mapping onto the 247 first quadrant at later time points (Figs 4F-G and Table 2 ). For instance, 61% and 65% of the up-248 regulated genes on 4d and 6d mapped onto the fourth quadrant whereas only 13% and 20% of 249 such genes were located on the first quadrant, respectively ( of such genes were mapped onto the fourth quadrant ( Fig. 4F and Table 2 ). Thereby, most of the 252 DE midgut genes up-regulated by Leishmania infection encompassed highly expressed genes, 253 yet the up-regulated genes were more predominant at early time points (4d and 6d) and the late 254 expressed genes were more predominant at late time points (8d to 14d; Fig. 4D -H and Table 2) . Table 2 ). 257
Regarding the midgut genes down-regulated by Leishmania infection (Fig. 5A -F and 258 Table 3 and Additional file 14: Table S9 ), none were DE on 6d and 8d ( Fig. 5B and Table 3) . 259
Contrasting to the midgut up-regulated genes, which exhibited similar expression profiles and 260 were fine-tuned through time ( Table 3 ). On the other hand, the 4d midguts displayed most of the 264 down-regulated genes on the second quadrant (73%, p < 0.05; Fig. 5D and Table 3 ), belonging to 265 the group transcribed at low abundance and up-regulated late in infection ( Fig. 5D and Table 3) . 266
In addition, many of the genes were down-regulated in Leishmania-infected midguts by more 267 Table S10 ). Regarding the up-regulated genes, 28%, 38%, and 18% belonged to the 274 Table 2 ). In fact, the enrichment of such molecular functions amongst 276 the up-regulated genes was consistent through time ( Fig. 6B and Table 2 ): between 2d through 277 14d for the metabolism function; and between 8d and 14d for the detoxification function. For the 278 secreted protein category, the enrichment of up-regulated genes was more restricted to 4d and 6d 279 ( Fig. 6B and Table 2 ). At earlier time points (1d and 2d), the few up-regulated genes perform 280 different functions ranging from transporter channels (tr, 1d) to proteosome machinery (prot, 2d; 281 Table 2 ). Regarding midgut genes down-regulated by the Leishmania infection, 34% 282 of these genes belonged to the metabolism (22%) and secreted protein (12%) functional groups 283 ( Fig. 6C and Table 3 ). Both categories were consistently enriched on 4d, 12d, and 14d ( Fig. 6D  284 and Table 3 ). At earlier time points (1d and 2d), transporter channels (tr, 1d and 2d) and 285 signaling transduction (st, 2d) were the most enriched molecular functions amongst the down-286 regulated genes ( Fig. 6D and Table 3 ). All the molecular functions identified across time points 287 were matched by analogous GO terms (Additional file 16: Table S11 and Additional file 16: 288 Table S12 ). 289
Fig. 6B and
In order to investigate in-depth the functional profiles of the DE genes, we broke down 290 the most predominant functional classes into subclasses. For the midgut DE genes belonging to 291 the detoxification molecular function (detox), the cytochrome P450 gene family encompassed 292 76% of the up-regulated genes ( Fig. 7A and Table 2 and Additional file 15: Table S10 ). Such 293 genes were consistently up-regulated between 6d and 14d ( Fig. 7B and Table 2 ). In contrast, the 294 down-regulated genes belonging to the detoxification molecular function were enriched in 295 metallothioneins (4d and 12d, thio; Fig. 7C and D and metabolism of lipids (lipd; Fig. 8A and Table 2 ) which was consistently the most predominant 298 between 6d and 14d ( Fig. 8B ). Among the down-regulated genes performing metabolic functions 299 (Fig. 8C-D and Table 3 ), most (31%) participated in the metabolism of lipids (lipd) at early time 300 points (2d and 4d) or nucleotides (nuc) on 12d, a later time point (14d, Fig. 8C -D and Table 3) . 301
Regarding the DE midgut genes encompassing the secreted proteins ( Fig. 9 ), 50% of those up-302 regulated belonged to the 'other category' (s, multiple protein functions) that was enriched in 303 transcripts of the insect allergen proteins ( Fig. 9A ; Table 2 and Table S9 ), also known as 304 microvilli proteins. Although the insect allergens, along with the mucins, and to a lesser extent 305 metalloproteases (metal), were more predominant on 4d and 6d ( Fig. 9B and Table 2 ), up-306 regulated transcripts encoding proteins of unknown function were enriched at 14d, a later time 307 point ( Fig. 9B and Table 2 ). Among the down-regulated transcripts encoding secreted proteins, 308 44% belonged to the unknown function (31%, uk) and "other" (17%, s) categories ( Fig. 9C and 309 Table 3 ). The "other" category (s) was consistently down-regulated on 4d and 12d ( Fig. 9D and 310 Table 3 ) and was enriched in transcripts encoding juvenile hormone (JH) binding proteins as 311 well as attacin ( Table 3) . Transcripts of secreted proteins related to the digestion of lipids (met-li) 312
were down-regulated on 2d ( Fig. 9D and Table 3) . 313 314
Discussion
315
In this work, we have carried out a broad RNA-Seq investigation to assess the effects of 316
Leishmania infection in sand fly midgut gene expression. As no sand fly genome is available at 317 the standards to be used as a reference for read mapping, all the reads obtained were assembled 318 de novo into 13,841 putative transcripts. Such transcripts were then used as a reference for gene 319 expression quantification and comparisons between infected and uninfected samples. Out of The limited influence of Leishmania in midgut gene expression as observed in this study 330 was further investigated by PC analysis. As indicate by PC1, most of the variance (77%) in the 331 transcriptional levels across midgut samples was caused by the presence (or lack of) blood in the 332 midguts, sorting out the early (d1 and d2; blood engorged) from late (d4 onwards; blood passed) 333 time points. Even though, PC2 (6.4%) and PC3 (4.1%) exhibited similar levels of variance, PC3 334 accounted for most of the variance sorting infected from uninfected midguts, and likely 335 represents the differential expression of the 113 genes modulated by Leishmania infection. These 336 findings also suggest that other factors not controlled for by the experimental design accounted 337 for the variance observed in PC2. Along these lines, it is noteworthy that Leishmania infection in 338 sand fly midguts also modify the microbiota composition [17] , which may also have affected 339 gene expression in the midgut samples. 340
It is worth noting that multiple genes DE upon Leishmania infection were unique to a 341 particular time point, being more pronounced in early time points. This phenomenon may be 342 explained by the enrichment of different Leishmania stages at specific time points. For instance, 343 time points 1d, 2d, 4d, and 6d are enriched in amastigotes and transitional stages, and procyclic, 344 nectomonad, and leptomonad promastigotes, respectively. From 6d onwards, Leishmania 345 parasites undergo metacyclogenesis: hence, there is a gradual increase in the proportions of 346 metacyclic compared to leptomonad promastigotes through time, which can explain the overlap 347 of DE genes between midguts on 8d and the other late time points. Surprisingly, we observed a 348 burst of down-regulated DE genes on 12d that was not observed on 14d. At both time points the 349 midgut infection is very similar as far as parasite stage and density, a phenomenon that needs to 350 be further investigated. 351
In order to complete its life cycle in the sand fly midgut, Leishmania needs not only to 352 develop and differentiate into the infective metacyclic stage, but also to escape the barriers 353 imposed by the sand fly midgut early in the infection (day 1-5). During this period, Leishmania 354 needs to shield itself against the harmful actions of the proteolytic enzymes [9], avoid the 355 immune system [10, 11] , escape from the peritrophic matrix [12, 13] , and attach to the midgut 356 epithelium [14] . At these early time points, most of the sand fly DE genes were down-regulated 357 by large fold changes. Such sand fly genes are transcribed at high abundance for the most part. 358
On day 4, multiple sand fly genes encoding digestive enzyme as well as a peritrophic matrix 359 protein were down-regulated, pointing to parasite manipulation of the barriers imposed by the 360 sand fly midgut in order to survive. Along the same lines, it is important to highlight that the 361 presence of Leishmania in the sand fly midgut leads to the down regulation of genes potentially 362 involved with the control of gene expression. For instance, among the sand fly transcripts down-363 regulated on day 2 is the transcription factor Forkhead/HNF-3, which is involved with midgut 364 regeneration [22] , and nutrient transport and absorption [23] . Accordingly, we have also 365 observed down-regulation of sand fly amino acid and trehalose transporters on 4d after 366 Leishmania infection. Transcripts for metallothionein-2-like protein were also down-regulated at 367 the same time point. The expression levels of these proteins are used as a proxy of heavy metals 368 absorption [24] . Hence, their down-regulation in Leishmania-infected midguts suggests that 369 these parasites reduce nutrient uptake by the sand fly midgut epithelium. Along the same lines, 370 genes encoding proteins associated with metabolism of hormones, such as the juvenile hormone 371 and ecdysone, were down-regulated on days 4 and 6. Such hormone levels change during blood 372 digestion [25] , and relevantly control the expression of sand fly midgut serine proteases [26] [27] [28] , 373 which are also down-regulated upon Leishmania infection on days 4 and 6. Together, these data 374 suggest that the sand fly transcription factor Forkhead/HNF-3 as well as hormone metabolic 375 enzymes might be key targets to control Leishmania infection early on. 376
As the remains of the digested blood is flushed out and the parasites detach from the 377 epithelium [14] , the parasites undergo metacyclogenesis from day 6 onwards, migrating to the 378 anterior midgut and differentiating into infective forms [8] . At this late period in the infection, 379 midgut barriers to Leishmania development are unknown or negligible. The parasites seem to 380 multiply freely secreting a massive amount of carbohydrates (fPPG) that jams the blood intake 381 and allows the parasites to be regurgitated into the skin [29, 30] Sand fly infection and Leishmania counts were performed as described in our companion 410 manuscript [21] . As controls, Lu. longipalpis sand flies were also fed on uninfected heparinized 411 dog blood at the same time. After feeding, fully fed females were sorted and given 30% sucrose 412 solution ad libitum. Sand flies from both groups were dissected with fine needles and tweezers 413 on a glass slide at days one, two, four, six, eight, twelve, and fourteen after blood feeding on 414
RNAse Free PBS (1X). Forty to sixty midguts were quickly rinsed in fresh RNAse Free PBS 415 (1X) and stored in RNAlater (Ambion), following manufacturer's recommendation. 416
417
RNA extraction and quality control 418
Total RNA was extracted using the PureLink RNA Mini Kit (Life Technologies, 419 Carlsbad), following the manufacturer's recommendations, as described in the companion 420 manuscript [21] . 421 RNA amounts and purification were assessed using a Nanodrop spectrophotometer (Nano 422
Drop Technologies Inc, Wilmingtom; ND-1000), and quality control was further evaluated using 423 a Bioanalyzer (Agilent Technologies Inc, Santa Clara, CA; 2100 Bioanalyzer), using the Agilent 424 RNA 6000 Nano kit (Agilent Technologies) and following the manufacturer's recommendations. 425
Only one out of the forty-two samples displayed RIN (RNA integrity number) value lower than 7 426 (Replicate 3 -14d Pi -RIN 6.7). 427
428
RNA-Seq library preparation and deep sequencing 429
The RNA-Seq libraries were prepared using the NEBNext® Ultra™ RNA Library 430 assembly from high quality reads were a result of both Abyss (kmers from 21 to 91 in 10-438 fold increments) and Trinity (V2.1.1) assemblers. The combined fasta files were further 439 assembled using an iterative blast and CAP3 pipeline as previously described [33] . Coding Biotechnology Information (NCBI). This Transcriptome Shotgun Assembly project has been 450 deposited at DDBJ/EMBL/GenBank and will be available when the paper is accepted. Novel 451
Coding sequences and putative protein sequences were submitted to the NCBI from 452 accession numbers and will be available when the paper is accepted. 453
Raw reads were mapped to the generated dataset using the RNA-Seq by Expectation 454 performed to exclude genes where the sum of counts in all the conditions was inferior to 10 458 counts. Default parameters were used with DESeq2 including the shrinks log2 fold-change 459 (FC) estimated for each tested comparison [35, 36] . A log2 Fold Change and its standard 460 error were generated in addition to a P-value (p-value) and a P-adj (Adjusted p-value) to 461 account for the false discovery rate. Significant associations were considered when a P-adj 462 was smaller than 5% (p <0.05) and log2 fold change larger than 0.5 (+/-). Gene expression validation was carried out using the nCounter probe-based hybridization 475 assay (NanoString Technologies Inc, Seattle, WA), following the manufacturer's 476 recommendation. Forty-two sand fly genes were randomly chosen (Additional file 6: Table S3 ) 477 for probe design and hybridized against 100 ng of each RNA sample, resulting in three biological 478 
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